Electroporation (EP) is one of the most important physical methods in biotechnology, which employs electrical pulses to transiently permeabilize cell membranes. In this study, a new micro pulsed radio-frequency electroporation cell (μPREP) chip was fabricated using a lift-off technique and SU-8 photolithography. The biological tests were carried out using three different plant protoplasts (cabbage, spinach and oil rape) on the micro EP chip and a pulsed RF electric field was applied to the microchip. The variations of fluorescent intensity and cell viability as functions of the electric pulse amplitude and duration time during the electroporation process were studied in detail at the single-cell level. Using such chip design and test method, one can easily optimize the efficiency and cell viability. Also, a large amount of statistical data can be quickly obtained. Finally, results of this parametric study were presented in the "phase diagram", from which the critical electric field for inducing single-cell electroporation under different conditions can be clearly determined.
Introduction
Electroporation (EP) is a widely used technique for the delivery of drugs and macromolecules such as DNA, to cells and tissues [1] . It uses an electric field pulse to induce nanometer-sized pore formation in the cell membrane such that the membrane is highly permeable to exogenous molecules presented in the surrounding media [2] . In comparison to the other methods of gene transfer such as lipofectamine treatment, electroporation has many advantages. It does not alter the biological structure and/or function of the target cells as electroporation is a noninvasive, non-chemical method.
Micro Electro-mechanical System (MEMS) based electroporation devices are attracting great attention nowadays. It reduces the potential risk of cells being damaged by high voltage and provides a better transfection efficiency and cell viability compared with conventional electroporation systems [3] . It requires a smaller number of cells and genes, and a much simpler cell preparation process. Furthermore, micro electroporation devices can control the electroporation at single-cell levels, which can not be achieved in traditional electroporation systems such as the Gene Pulser TM (Bio-Rad Laboratories, CA, USA).
Since Murakami et al. used a micromachined electroporation system to electroporate fish cells in 1994 [4] , many MEMS-based electroporation devices have been developed [5] [6] [7] [8] [9] [10] . Unlike the traditional electroporation instruments, which can only electroporate the cells in bulk, the micro EP system can realize the control of electroporation process in individual cells [5] . Some even can detect various types of cells, capture their impedance transients and then electroporate them with the appropriate pulse parameter [6] . The idea of using microelectrode arrays was presented as a perspective method for biosensing and membrane electroporation in biomedical research and new clinical electrotherapies [7] . With those flowthrough micro electroporation chips, it was possible to perform continuous electroporation on the continuous flow of cells with a high transfection rate and a high survival rate [8] . The special design of multi-holed stainless steel electrodes was also utilized to eliminate the nonuniform flow rate of the cell suspension in this kind of EP chips [9] . For the selective electroporating of target cells, Lepioufle et al. also adopted the immobilization technology to manipulate the cells in the microarray with an antibody-antigen reaction, which guaranteed that only the diseased-cell were inserted with the therapeutic gene [10] .
In addition to animal cell research, gene transformation is also highly important in plant biotechnology. Breeding techniques involving gene transfer through sexual and vegetative propagation are well established; the aim being to introduce genetic diversity into plant populations, to select superior plants carrying genes for desired traits and to maintain the range of plant varieties. The application of these conventional or classical techniques has produced significant achievements in the yield improvement of major food crops. However, this takes a long time, usually 6-8 years to produce a new variety of wheat or rice by sexual propagation [11] . It is very important to use the genetic engineering techniques to investigate plant cells for increasing farming productivity and insect resistance, etc.
In this work, a new micro pulsed RF electroporation (μPREP) chip with multiple inputs was designed and fabricated for the parametric study of electroporation at the singlecell level on plant protoplasts. The surface treatment for immobilization of cells in the microarray can be easily carried out and a large number of cells can be electroporated at the same time with different electric pulse parameters. Numerical simulations are performed to study the non-uniform electric field distribution in the chip, and the quantitative analysis of cell membrane permeability and viability are described in detail.
Experimental

Device Fabrication
As schematically shown in Fig. 1 , a μPREP chip containing an array of 20×24 micro cell chambers was fabricated on a 4-inch glass wafer (Pyrex 7740, Dow Corning, USA) by two-mask MEMS technology. The multiple-input gold electrodes were defined during the first mask using the standard lift-off process, while the second mask formed the cell chamber using SU-8 photolithography (Microchem Corp., USA). Twelve pairs of commonly grounded electrodes with different inputs were fabricated on the glass wafer. With such a design, 12
groups of results with different electric pulse amplitudes and duration times can be obtained on a single chip at the same time. This chip can dramatically reduce the testing time by about one order of magnitude in comparison with our previous micro electroporation chip [12] .
Each segmented electrode was made of 20 nm thick sputtered titanium and 500 nm thick sputtered gold with a width of 30 μm, by using a CVC 601 sputtering system. The space between adjacent electrodes was 30 μm. As shown in Fig. 1(a) , both the width and length of each cell chamber are 30 μm, which is similar to the cells' diameter, to ensure that a singlecell is trapped in each cell chamber. The depth of the SU-8 photo resist was also set at 30 μm.
The finished wafer was then diced and packaged on a printed circuit board (PCB) using wirebonding technology. A 1 mm diameter hole was drilled on the PCB at the area of the chip, as shown in Fig.1(d lift-off process was used to achieve a thick metal layer (500 nm) while avoiding the hazardous solvent process. To obtain enough undercut for the lift-off metallization application, LOL2000 (Shipley Co., MA, USA) was double-coated as the bottom layer at 1000 rpm for 30 s, which resulted in the thickness of 1 μm (Fig. 2(b) ). A layer of FH6800L
(Fujifilm Arch Co., Japan) was then spin-coated at 4000 rpm for 60 s on the LOL2000 double layer. After patterning the FH6800L, Ti/Au (20 nm/500 nm) layers were sputtered on the front side of the wafer. The patterned electrode was then formed using the lift-off method in an ultrasonic bath of acetone ( Fig. 2(c) ). The 30 μm SU-8 2025 photoresist was spin-coated at 2500 rpm for 30 s. Before the soft bake, the substrate was placed level for 20 min to eliminate thickness variation in the SU-8 layer. The second mask, which defined the electrodes, was aligned and the wafer was exposed to UV light. After 10 min resting time, the wafer was baked at 70 ºC for 1 min, and at 90 ºC for 3 min and used for photoresist development.
Fig. 2
Before applying an electric field pulse to the μPREP chip, the cells should be loaded on the chip and filled in each cell chamber for subsequent electroporation. However, since the surface of cross-linked SU-8 on the chip was strongly hydrophobic due to a contact angle of about 102 degrees (measured by a contact angle meter (Digidrop, GBX Co., France)), cells were difficult to be filled in without any surface treatment. To solve this problem, we introduced the oxygen plasma treatment (PDC-002, Harrick Sci. Corp., USA) in our experiment to change the surface condition from hydrophobic to hydrophilic with a stable contact angle of about 20 degrees. As shown in Fig. 3 , the hydrophilic surface property can efficiently enhance the cell loading performance prior to the experimental tests. Since the size of chambers is 30μm, similar to the average diameter of the plant protoplasts, each chamber can only contain one cell and such surface treatment can provide 80% of cell chambers being successfully filled with cells in the array of micro cell chambers on the chip.
Compared to the complicated bio-immobilization deposition process [10] , the proposed physical process has the advantages of easy manipulation and cleaning. In addition, all the materials used are biocompatible and the fabrication process is also IC-process compatible.
Thus, this chip could be used for large-scale gene transfection and drug screening. 
Experimental Setup
As illustrated in Fig. 4 (a), the pulsed radio-frequency (RF) electric field with adjustable frequency, amplitude and duration time was applied to the μPREP chip using a Labview program and the PCI 6110 DAQ card (National Instrument, TX, USA). The main advantage of a pulsed RF electric field is that it can counterbalance the cells' size effect with an opposite effect of cell relaxation [13, 14] . As a result, the viability and permeability of the electroporation can be improved comparing with the traditional DC pulse or exponential decay pulse [13, 14, 15] . The DAQ card has two 16-bit analog outputs with a maximum 
where U n is the amplitude of the sine wave for each RF signal, U is the amplitude of the voltage output from the DAQ card, R and Rw n are the resistances as shown in Fig. 4 
(b).
Additional RC circuits, which consist of R f and C f , in the output stage were used to filter the high frequency noises at a cutoff frequency of 40 kHz (here we choose R f and C f values of 680 pF and 560 Ω respectively). The electroporating pulse used in this study was 1-10ms
wide, DC-shifted RF pulse, which oscillated at 30 kHz with an amplitude between 1 kV/cm and 3 kV/cm. 
Electric field simulation
In order to understand the micro EP process, numerical simulations were performed, using a commercial code (CFD-ACE+, ESI CFD Inc., AL, USA), to study the electric field distribution in the μPREP chip. Based upon the exact size of the chip, the typical electric field distribution in the vicinity of electrodes was simulated as shown in Fig. 5 . The electric field distribution across the cell chamber is non-uniform. Most of the high electric field is close to the micro electroporation chip surface and concentrated between the two electrodes, while in other areas the electric field is much weaker. This is in contrast to the conventional curvette where the electric field is uniformly distributed across the volume between the two parallel planar electrodes.
Fig. 5
The average electric field within the chip can then be obtained by averaging the nonuniform electric field distribution for each data point within the electrodes area. Therefore, the externally applied voltage can be converted into the average electric field (E avg = αV a /L e ) via a correction factor (α=0.630) calculated from the numerical simulation. Note that L e is the distance between the two adjacent electrodes. Although the simulation model did not include the cell, the correction factor calculated from the electric field simulation can still be useful for design of the μPREP chip.
Cell Suspension Preparation
Plant protoplasts were isolated by enzymatic digestion of various tissues and the cell walls are removed [16] . Leaf slices of cabbage (Brassica pekinensis Rupr.), spinach and oil rape (Brassica napus) were prepared and cut into segments of 0.5-1 mm. They were then incubated for three hours at room temperature (about 25 ˚C) in the digestion medium whose 
Fig. 6
The density and the duration time of the pores on the surface of cells vary with the applied electric pulse strength and width. The fluorescent intensity variations of the cells as functions of respectively the pulse amplitude and pulse duration time during the electroporation are shown in Fig. 7 . It can be seen that varying the pulse amplitude and pulse duration time have similar effects on the fluorescent intensity. As shown in Fig. 7(a) , the electroporation process can be divided into three stages: the same functional form as described in literature [17] . Furthermore, the electroporation area outlined in Fig.7 (c) matches reasonably with previous results [18] which used traditional electroporation instruments.
Although membrane electroporation is a ubiquitous phenomenon to all types of cells, the permeabilization varies significantly between different cell lines. Specific empirical protocols need to be developed for each cell line in order to achieve optimal results. In this study, 3 types of plant cells, i.e., Brassica pekinensis, spinach, and Brassica napus, were tested and the results are shown in Fig. 8 
Cell viability
The conventional method for detecting cell viability is by using the membraneimpermeable dye after the pores induced by electric treatment are resealed [19, 20] . Because healthy cell membranes prevent those kinds of dye from entering cells, the dye molecule will not stain them. In contrast, since dead cells lose membrane integrity, they will be stained.
Therefore, dead and living cells can be distinguished by examining their color or fluorescence under the microscope. In our experiment, cell viability was measured by adding electric pulses to the cells in the absence of dye. Viability was then assayed by PI dye staining half an hour after electroporation treatment instead of adding PI dye before electric pulse treatment as in the electroporation experiment. As shown in Fig. 9 , the cell viability decreases with the increase of permeability (all data points were obtained from 4 experiments). In addition, higher electric pulse amplitude and longer duration time result in lower cell viability and higher permeability. It can also be seen that at the highest pulse amplitude, the survival rate is almost doubled for the duration time of 2 ms compared to that of 8 ms. This clearly indicates that there is a trade-off between membrane permeability and viability. Therefore, the regions close to the cross point of the two curves can be an optimal choice for electroporation. In this study, the variations of cell viability in the experiment for the three different cells did not seem to be significant. 
Conclusions
A new micro pulsed radio-frequency electroporation cell (μPREP) chip has been successfully fabricated and tested with three different types of plant cells. For the first time, a detailed parametric study of the pulsed radio-frequency electric field was conducted for cell electroporation on microchips. Surface treatment of the microchip by oxygen plasma provided conditions for a simple and efficient cell-loading process. Different pulsed RF electroporation protocols can be easily programmed in the computer-controlled system. The experimental results demonstrate that high membrane permeability and viability can be achieved on the μPREP chips. From this parametric study, the critical voltage to induce single-cell electroporation has been determined. In addition, it has been shown that the proposed cell-array design can easily provide a large amount of statistical data (more than one thousand data points), which is required for determining the critical voltage, by using digital image processing. The resultant phase diagram for the boundary of electroporation and cell lysis can be useful for the design of integrated micro TAS systems and high throughput analysis.
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